Accessory Fe-rich columbite-group minerals, tapiolite and Hf-rich zircon occur in Hercynian pegmatitic leucogranite near Duchonka, Považský Inovec Mts., western Slovakia. The host rock represents highly peraluminous and fractionated S-type pegmatitic leucogranite with ASI = 1.27, Eu N /Eu* N = 0.16, Rb/Sr = 7.2, Ta/Nb = 1.1 and Zr/Hf = 21, but not enriched in Li, B, Be or P. Columbite-tantalite, tapiolite and hafnian zircon form discrete crystals, 30 to 350 µm in size, in association with quartz, plagioclase, K-feldspar, muscovite, sillimanite, almandine-spessartine and fluorapatite. Columbite-tantalite crystals show coarse oscillatory zoning, usually with border parts enriched in Ta. Locally, there is a reversal trend of zoning (decrease of Ta towards the border parts), or irregular convoluted zoning as a result of latemagmatic to subsolidus dissolution-reprecipitation. The composition of columbite-tantalite shows a relatively constant Mn/(Mn + Fe) ratio (0.20-0.27, locally 0.35-0.40), but extreme variations of the Ta/(Ta + Nb) ratio (0.18-0.72). Ratios higher than 0.63 plot inside the tantalite-tapiolite miscibility gap. Ferrotapiolite is mainly homogenous and shows relatively consistent compositions with Mn/(Mn + Fe) = 0.03-0.04 and Ta/(Ta + Nb) = 0.88-0.97. Metamict zircon (5 to 120 μm in size) exhibits tiny uraninite inclusions, high Hf contents (6 to 23 wt. % HfO 2 , 0.06-0.23 Hf apfu), and locally elevated P, As and U contents, whereas Y and REE concentrations are low. Unusually widely variable and high Ta/Nb and Hf/Zr ratios in the accessory minerals are probably the product of extreme local Nb-Ta and Zr-Hf fractionation in highly peraluminous granite-pegmatite system.
Introduction
Although uncommon, Nb-Ta oxide minerals and Hf-rich zircon belong to the most characteristic accessory phases in evolved granitic rocks. They can reveal important information about the degree of melt fractionation and are useful tools for interpreting the P-T-X conditions of formation of their host rocks. The Nb-Ta oxide minerals and hafnian zircon are usually found in highly evolved, specialized granites, commonly rich in volatile elements (F, B, P), and their greisenized cupolas, in association with cassiterite, wolframite, topaz, Li-silicates and other characteristic minerals (e.g., Johan and Johan 1994; Raimbault et al. 1995; Huang et al. 2002; Breiter et al. 2007 ). However, our knowledge of accessory Nb-Ta and Zr-Hf phases in non-specialized, "barren" granites without Li, Be, B or P enrichment and Sn ± W mineralization is still very scarce in comparison to the specialized granites or rare-element granitic pegmatites.
In this article we describe accessory Nb-Ta oxide minerals and Hf-rich zircon in such non-specialized S-type pegmatitic leucogranite near Duchonka, the Považský Inovec Mountains, Western Carpathians, Slovakia as an example of unusual Nb-Ta and Zr-Hf fractionation in highly peraluminous environment.
Geological setting
The Považský Inovec Mountain range represents the north-western part of the core mountain belt of the Inner (Central) Western Carpathians, a typical Miocene megaanticlinal horst that originated before 18-13 Ma (Danišík et al. 2004) . It is elongated in the NNE-SSW direction. Maheľ (1986) distinguished three particular blocks of the Považský Inovec: northern -the Selec block, situated north of the Hrádok line, middle -the Bojná block, which extends between the Hrádok and the Koplotovce tectonic lines, and southern -the Hlohovec block, situated south of the Koplotovce line. The studied locality occurs in the eastern part of the Bojná block. Based on differences in the lithological and metamorphic setting, the crystalline basement in the Bojná block was divided into a Lower and an Upper structural level. The Lower structure of the crystalline basement consists of a relatively high-grade metamorphosed (T > 550 °C, P > 350 MPa) gneissic-amphibolitic complex with intrusions of two generations of granitic rocks (Ivanička et al. 2007 ). The protolith of the Lower metamorphic complex is Ordovician to Upper Silurian, and shows polymetamorphosed character. The upper structural level of the crystalline basement is formed by the younger, Devonian volcano-sedimentary Hlavinka Complex (Kohút et al. 2006) , which is metamorphosed in lower grade (T ≤ 500 °C, P ≤ 300 MPa) and without intrusive contacts with the Hercynian granitic rocks.
The acid magmatic rocks of the Bojná block are represented by the older granitoids of S-type (Lower Ordovician age), which were sheared to orthogneisses during the Hercynian orogeny, as well as the younger unsheared MesoHercynian granitoids of S-type (Lower-to Middle-Carboniferous age), which consist of biotite and muscovite-biotite granodiorites to granites, "non-homogenized -immature" hybrid granitoids -diatexites, as well as muscovite and biotite-muscovite leucocratic granites (Kamenický 1956; Broska and Uher 1988; Kohút et al. 2004) .
The pegmatitic leucogranite examined in this study belongs to the younger, Meso-Hercynian suite. It occurs in a granite body situated between Podhradie and Duchonka, at the ridge between Lipová and Soľnisko Hill, about 13 km NNW of the town Topoľčany (Fig. 1), western Slovakia. The main body of biotite-muscovite (leuco-) granite is commonly cut by apophyses and dikes of pegmatitic leucogranite to granite pegmatite, usually 1 to 5 m thick. The studied sample represents an example of such pegmatitic leucogranite apophysis/dike.
Analytical methods
Electron-microprobe analyses (EMPA) were carried out in the wavelength-dispersion mode using the Cameca SX-100 electron-microprobe at the State Geological Survey of Slovak Republic, Bratislava (Nb-Ta and silicate minerals) and an analogous instrument at the Institute of Geological Sciences, Masaryk University, Brno (zircon and apatite).
The following analytical conditions were used: accelerating voltage of 15 kV, a sample current of 20 nA, (Yb Lα) , andradite (Fe Kα), rhodonite (Mn Kα), topaz (F Kα), and vanadinite (Cl Kα) standards were used. All data were reduced using the PAP routine (Pouchou and Pichoir 1985) .
The rock was analyzed in the ACME Analytical Laboratories Ltd., Vancouver. Total abundances of the major oxides and several minor elements were analysed by ICP-emission spectrometry following a lithium metaborate/tetraborate fusion and dilute nitric digestion. Loss on ignition (LOI) is by weigh difference after ignition at 1000 °C. Rare earth and refractory elements were determined by ICP mass spectrometry following a lithium metaborate/tetraborate fusion and nitric acid digestion of a 0.1 g sample. In addition a separate 0.5 g split was digested in aqua regia and analysed by ICP mass spectrometry. For other details see www.acmelab.com.
Results

Mineral and chemical composition of the host pegmatitic leucogranite
The pegmatitic leucogranite studied (sample PI-457b) is an equigranular, coarse-grained rock with the granitic The studied rock is geochemically characterized as relatively strongly peraluminous and highly fractionated pegmatitic leucogranite with S-type characteristics. High Si, Al, Na, moderate K and P, and low Ti, Fe, Mg and Ca contents are typical features of the rock (Tab. 1). The aluminium saturation index (ASI, or molar Al/(Ca + Na + K)) of the rock attains a value of 1.27 and indicates its relatively strong peraluminous character (Fig. 3) . Concentrations of index trace elements show elevated Ta and Nb, 
Niobium-tantalum oxide minerals
Columbite-group minerals form discrete tabular crystals 30-350 µm in size, in association with quartz, alkalifeldspar, muscovite and sillimanite (Figs 2a, . The grains commonly show prograde zoning with central parts enriched in Nb (ferrocolumbite) and rims enriched in Ta (ferrotantalite). However, an irregular convoluted zoning of border parts, as a result of late-magmatic to subsolidus dissolution-reprecipitation processes is also present (Figs 5c-d), or a reversed trend of zoning with decrease of Ta towards the border parts of the crystals was detected ( In view of the low contents of W, Ti, Sn, Zr, Mg, Pb and other elements, we conclude that only the single TaNb -1 and MnFe -1 substitutions, separately or in combination, are relevant to compositional changes for both the columbite-tantalite and the tapiolite.
Hafnian zircon
Accessory zircon forms euhedral to subhedral, columnar prismatic crystals, 5 to 120 μm long, included in quartz or muscovite (Fig. 7a) . In BSE, zircon usually displays a slightly diffuse zoning with a darker center and a brighter rim zone (Fig. 7d) , probably mainly due to variations in Hf and U concentrations and/or different metamictization degree. The central parts commonly contain numerous oval inclusions of uraninite, c. 0.7 to 2 μm across ( Contents of Th, U and Zn are below the detection limit.  apfu (Tab. 3). Therefore, HfZr -1 is the principal substitution in the hafnian zircon (Fig. 8) . However, increased contents of P (P 2 O 5 ≤ 0.9 wt. %), As (As 2 O 5 ≤ 0.7 wt. %) and U (UO 2 ≤ 1.4 wt. %), together with slightly elevated amounts of Fe and Ca were detected locally (Tab. 3). On the other hand, concentrations of Y, REE and Al are usually negligible to low. The apparent discrepancy between the presence of pentavalent cations (P and As) and paucity of trivalent cations (such as Y, REE, Al and Sc) could be explained by partial leaching of some elements during metamictization and structural degradation of the zircon and/or analytical errors of EMPA at low elemental concentrations. Contents of W, Ti, Th, Sc, Yb, Bi and F are below the detection limit.
Discussion and conclusion
Regional importance of Nb-Ta and Zr-Hf mineralization
The disseminated Nb-Ta and Zr-Hf mineralization, which occurs in the fractionated, peraluminous sillimanite-bearing pegmatitic leucogranite apophysis/dike at Duchonka, represents a new genetic type of mineralization in the Považský Inovec Mountains, as well as in the whole West Carpathian area. The occurrence of fibrolitic sillimanite intergrown with primary muscovite and garnet of the almandine-spessartine composition documents the strongly peraluminous character of the host pegmatitic leucogranite (ASI = 1.27; Tab. 1, Figs 2b, 3) . Similar occurrences of fibrolitic sillimanite were documented in different granodioritic to leucogranitic rocks in the Považský Inovec Mountains (Broska and Uher 1988) . Apparently, the Nb-Ta oxides and other accessory minerals did not suffer any strong post-Hercynian metamorphic overprint and, consequently, they represent primary magmatic to early post-magmatic textural and compositional features rather than relicts of any progressive metamorphic overprint. On the contrary, effects of a prograde, sillimanite-grade metamorphism on an older granitic pegmatite are known for example from Maršíkov, Czech Republic (Černý et al. 1992b) , where took place extensive compositional and structural re-equilibration of the Nb-Ta oxide minerals and breakdown of beryl to chrysoberyl. In the Považský Inovec Mountains, rare-element mineralization containing Nb-Ta oxide minerals (columbite to tantalite, tapiolite, pyrochlore to microlite and fersmite), in association with beryl, almandine-spessartine, gahnite, and hafnian zircon was described only in a large granite pegmatite dike at Moravany nad Váhom, in the Striebornica Ridge (Uher 1991; Uher et al. 1994; Novák et al. 2000) . Accessory Nb, Ta-rich rutile with exsolved titanian ixiolite occurs in the (biotite-) muscovite leucogranite at Malá Kurňa Hill near Kovarce, in the adjacent Tribeč Mountains (Uher and Broska 1992) . However, this mineralization is Ti, Nb-rich and Ta-poor, and represents a different geochemical type in comparison to the Tarich and Ti-poor assemblage at Duchonka. Moreover, occurrences of disseminated Nb, Ta-mineralization (Wrich columbite, W-rich ixiolite, qitianlingite?, Nb-rich ferberite, Nb, Ta-rich rutile and pyrochlore to microlite, in association with cassiterite) are known from Permian highly evolved, specialized S-type topaz-albite granites and adjacent greisenized and albitized rocks at Dlhá Valley near Gemerská Poloma, Hnilec, Betliar and Poproč in the Gemeric Superunit, Central Western Carpathians (e.g. Malachovský et al. 2000) . However, this mineralization is connected with specialized ore-bearing granites distinctly enriched in Li, B, F, and with Nb, Ti, W, Sn > Ta feature of the Nb-Ta oxide minerals, as opposed to the Duchonka Ta > Nb >> Ti, Sn, W pattern.
The tantalite-tapiolite association
The Duchonka pegmatitic leucogranite revealed the presence of accessory columbite to tantalite, tapiolite and hafnian zircon with unusually wide and up to extremely high Ta/Nb and Hf/Zr fractionation level. Chemical composition of the host leucogranite indicates its distinctive peraluminous character (ASI = 1.27) and relatively high fractionation degree (Tab. 1). Nevertheless, tantalite and especially tapiolite are restricted to the strongly evolved, rare-element granitic pegmatites of the LCT-family (according to the classification of Černý and Ercit 2005) , where extreme magmatic fractionation enables the production of volatile-and alkali-rich residual melts, essentially enriched in Ta, Hf, Li, Rb, B and other rare lithophile elements (e.g., Černý et al. 1985; London 1990 London , 2005 . The tantalite plus tapiolite assemblage is typical of all types of rare-element granitic pegmatites of the LCT-family; the association of ferrotapiolite with Ferich columbite-tantalite is mostly characteristic of more primitive beryl type populations (e.g., Černý et al. 1986; Novák et al. 2000) . The tapiolite + Mn-rich columbite-tantalite pairs occur in the most fractionated beryl and especially complex Li, Cs, Ta, F-rich granitic pegmatites worldwide (e.g., Černý et al. 1986 , 1992a Novák et al. 2000 Novák et al. , 2003 van Lichtervelde et al. 2007 ).
On the other hand, Fe-rich tantalite and ferrotapiolite are scarce in highly evolved, specialized leucogranites, connected with Sn ± W ± Nb-Ta ± Li mineralization, where W-(Ti)-rich columbite and ixiolite, Nb, Ta-rich rutile, Nb, Ta-bearing cassiterite, Nb-rich ferberite-hüb-nerite and locally pyrochlore-group minerals occur (e.g., Johan and Johan 1994; Raimbault et al. 1995; Uher 1998; Breiter et al. 2007) . Rare exceptions are found in Ta-rich, specialized rare-element granites in China, where tantalite (Yichun, Suzhou granite) and also tapiolite (Suzhou granite) were reported (Wang et al. 1997; Huang et al. 2002) . Accessory tapiolite is present also in the Sn-bearing granite at Rudolfstein, Fichtelgebirge Mountains, Germany (Bernard and Hyršl 2004) . In contrast to the above-mentioned tantalite and tapiolite occurrences, the Duchonka pegmatitic leucogranite represents a relatively highly fractionated but still common, non-specialized rock without apparent enrichment in Li, Rb, Cs, B, P, Sn or other elements, typical of rare-element pegmatites and ore-bearing granites.
The Fe-rich tantalite compositions with Ta/(Ta + Nb) = 0.63-0.72 and Mn/(Mn + Fe) = 0.20-0.27, which enter the empirically defined natural miscibility gap between tantalite and tapiolite (Černý et al. 1992a) , is a particularly striking feature of the Duchonka leucogranite. Despite lack of a XRD determination, the phase very likely belongs to ferrotantalite, and not ferrotapiolite. These anomalous compositions are connected with external parts of the columbite to tantalite crystals ( Fig. 5f ) and these phases represent a part of the same columbite to tantalite evolutionary trend with a rapid increase of Ta/Nb and a stable Mn/Fe ratio (Fig. 6) . On the contrary, ferrotapiolite occurs as separate grains with different textural pattern and chemistry (Figs 6-7) . Such tantalite or tapiolite compositions are exceptional and are considered as metastable in pegmatitic environments (Černý et al. 1992a) . However, some "hyper-ferrotantalite" compositions with Ta/(Ta + Nb) between 0.62 and 0.97 were described from some rare-element granitic pegmatites in Africa (von Knorring and Fadipe 1981; Baldwin 1989) and the Separation Rapids pegmatite group, Ontario, Canada (Tindle and Breaks 1998) . Moreover, W, Ti, Ferich tantalites from the Suzhou and Yichun specialized granites, China, show Ta/(Ta + Nb) ratios from 0.50 to 0.73 and from 0.14 to 0.95, respectively (Wang et al. 1997; Huang et al. 2002) . All the presented Fe-rich tantalite compositions lie within the field of the tantalite-tapiolite miscibility gap, or even in the tapiolite compositional field (such as ferrotantalite from the Rubicon Mine, Namibia; Baldwin 1989) . However, such data are commonly based solely on EMPA without precise XRD identification, and must be taken with a large caution. On the other hand, an empirically determined field of the tantalite-tapiolite miscibility gap (sensu Černý et al. 1992a ) is based only on known data from granitic pegmatites, and it can be entered by some natural (stable or metastable) compositions as a consequence of specific P-T-X conditions. Based on experimental works, boundaries of the tantalite-tapiolite miscibility gap are controlled by temperature, oxygen fugacity, and phase structural state. The temperature is probably the key factor but the experimental data show inconsistent results (see discussion in Černý et al. 1992a) . However, it is reasonable to suggest that the Duchonka pegmatitic leucogranite crystallized at higher temperature compared to classical granitic pegmatites. The tantalite-tapiolite miscibility gap shrinks at such conditions, like in other natural systems of solid solutions or related phases (e.g. Fe-Ti oxide minerals, pyroxenes, feldspars). Moreover, variations of Ta/Nb ratios in Nb-Ta oxide minerals strongly depend on pH of the host pegmatitic melt. The decrease in pH (increase in acidity) causes an increase in the Ta/Nb ratio of the solution and precipitation of Nb-Ta phases (Alexandrov et al. 1985) . Similarly, Ta/Nb ratio and the span of the tantalite-tapiolite miscibility gap are possibly controlled also by the ASI (molar Al/(Ca + Na + K) ratio) of the host granite or pegmatite melt. Experimental data show a higher solubility of manganotantalite relative to that of manganocolumbite in silicate melts as well as decrease in columbite and tantalite solubility with Al/(Na + K) ratio. This explains the Ta/Nb enrichment during fractionation and lower saturation level of columbite-tantalite in a peraluminous melt compared to a peralkaline one (Linnen and Keppler 1997; Linnen and Cuney 2005) . The Duchonka pegmatitic granite represents such example, where possible synergy of relatively high solidus temperature (compared to common granitic rare-element pegmatites) with an increased fractionation level and strongly peraluminous composition caused precipitation of ferrotapiolite and exceptionally Ta-rich ferrotantalite.
Occurrence of hafnian zircon
Hafnium concentration in accessory zircon, together with the progressive host-rock Hf/Zr enrichment, represent well-known indicators of magmatic fractionation (see e.g., Černý et al. 1985) . Hafnium-rich zircon is characteristic of leucocratic, highly peraluminous crustal granites with S-type affinity in contrast to the metaluminous mantle-crustal I-type, and especially (per-) alkaline mantlederived granite of A-or M-type suites (Pupin 2000; Uher 2007 ). However, the most effective Zr-Hf fractionation was observed in the rare-element granitic pegmatites and highly evolved, specialized granites. Generally, the most fractionated granitic pegmatites contain the most Hf-rich zircon, e.g., Tanco, Canada (Černý and Siivola 1980) , Mixeriquera, Brazil (Cassedanne et al. 1985) , up to exceptional presence of hafnon (HfSiO 4 ) at the Muiane pegmatite, Mozambique (Correa Neves et al. 1974) . The Hf concentration in the Duchonka pegmatitic leucogranite shows wide variations and unusually high maximum values: from 6 to 23 wt. % HfO 2 (0.06-0.23 Hf apfu; Tab. 3). Analogous variations and high Hf concentrations in zircon (~5 to 40 wt. % HfO 2 ) were described from the specialized granites, e.g. Beauvoir, France (Wang et al. 1992) , Suzhou and Laoshan, China (Wang et al. 1996 (Wang et al. , 2000 , Podlesí, Czech Republic (Breiter et al. 2006 ) and several other rare-metal bearing granites (Kempe et al. 1997) . Wide Hf variations in zircon (5-22 wt. % HfO 2 ) are also known from the moderately fractionated, granitic pegmatite of the columbite-beryl subtype at Kamzík Hill in Bratislava, Slovakia (Uher and Černý 1998) . This trend is supported by experimental data, whereby zircon/hafnon solubility ratio in a metaluminous melts at 800 °C is c. 0.2 and similar behaviour could be suggested also for peraluminous melts (cf. Linnen and Keppler 2002; Linnen and Cuney 2005) . The solubility of zircon is strongly dependent on temperature and melt composition, ranging from several wt. % Zr levels in peralkaline melts to less than 100 ppm in siliceous peraluminous melts (Watson and Harrison 1983; Linnen and Cuney 2005) . The experimental data explain the Hf/Zr enrichment coherent with the magmatic fractionation degree in metaluminous to peraluminous systems and relatively low zircon saturation level and temperature in peraluminous, silica-rich granitic to pegmatitic melts. However, the above mentioned Hf/Zr trend is relatively rough and irregular due to the presence of other important factors, for example postmagmatic processes (albitization, fluid-driven alteration, metamictization). Therefore, the Hf/Zr ratio in zircon as an index of magma fractionation should be used with caution (Kempe et al. 1997; Pérez-Soba et al. 2007 ). In the case of the Duchonka pegmatitic leucogranite, the wide Hf/Zr variations and high Hf enrichment in zircon could be explained by a coupled effect of high fractionation and a specific, strongly peraluminous local environment. Consequently, the precipitation of the studied Hf-rich zircon is connected with the same specific environment, as the columbite to tantalite and tapiolite crystallization. and A. Pieczka, as well as M. Novák, a handling editor, improved the quality of the manuscript. This work was supported by the Slovak Research and Development Agency under the contract No. APVV-0557-06.
